Abstract. The insulator SrTiO 3 can host high-mobility twodimensional electron systems on its surfaces and at interfaces with other oxides. While for the bare surface a two-dimensional electron system can only be induced by oxygen vacancies, it is believed that the metallicity of heterostructure interfaces as in LaAlO 3/SrTiO3 is caused by other mechanisms related to the polar discontinuity at the interface. Based on calculations using density functional and dynamical mean-field theory as well as on experimental results using photoemission spectroscopy we elucidate the role of oxygen vacancies, thereby highlighting their importance for the electronic and magnetic properties of the systems under study.
Introduction
Already for a long time the physics of semiconductors and in particular their technological application relies on the exploitation of electronically active defects -electron donors and acceptors -that are implemented in the host materials usually in form of elemental impurities. Of paramount importance for the fabrication of working devices like metal oxide semiconductor field-effect transistors is the exact control over the spatially inhomogeneous distribution of these impurities at interfaces.
In the field of transition metal oxides defects are often unwanted since they cause disorder which often does harm to or even completely destroys the intrinsic functionalities of oxides such as superconductivity or magnetic order. An exception in some
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The European Physical Journal Special Topics particular cases e.g., in high-T c superconductors represents the oxygen stoichiometry because via the oxygen concentration the charge carrier doping can be tuned to ensure the highest T c .
With the advent of modern thin film technology it became possible during the last one and a half decade to grow layered structures of transition metal oxides with a precision down to the atomic scale similar to what has been accomplished for many years for semiconductors on an industrial level. Thus the targeted manipulation and control of defects in oxides and in particular at their surfaces and interfaces open new avenues from both a fundamental and an applicational point of view.
A paradigmatic example for this development is the famous LaAlO 3 /SrTiO 3 heterostructure. It develops a two-dimensional electron system with intriguing properties such as superconductivity or a dichotomy of superconductivity and magnetism at its interface but only if 4 or more monolayers of LaAlO 3 are grown on a properly prepared, TiO 2 terminated substrate. The question whether the interplay of film and substrate is decisive for the formation and the properties of this two-dimensional electron system or the substrate alone is sufficient to host two-dimensional conductivity of essentially the same kind has fuelled a vast number of experimental and theoretical studies.
In this review we cover both advanced theoretical and experimental methods which allow to investigate the influence of oxygen vacancies on two-dimensional electron systems at SrTiO 3 -based interfaces and surfaces and summarize the relevant results.
2 Oxygen vacancies and surface two-dimensional electron systems in SrTiO 3 
Oxygen-vacancy-induced localized versus itinerant states
The role of oxygen vacancies in the formation of the two-dimensional electron system (2DES) in SrTiO 3 has been a subject of intensive discussion in recent years both experimentally and theoretically [1] [2] [3] [4] . A deep insight on the electronic behavior of oxygen-deficient SrTiO 3 surfaces can be gained from electronic structure calculations on SrTiO 3 slabs based on density functional theory (DFT). Here, we review results obtained by considering different SrTiO 3 slabs with various oxygen vacancy configurations and provide a comprehensive description of the origin of (i) the itinerant 2D electron system, (ii) the localized in-gap states, (iii) possible Rashba spin-orbit coupling and magnetism and (iv) possible oxygen clustering.
The series of investigated slabs both, SrO-terminated and TiO 2 -terminated, are given in references [5] [6] [7] . In this article, we focus on representative examples of slabs with TiO 2 termination. In Figure 1 we show the cases of a TiO 2 terminated 2 × 2 × 6 slab with a single oxygen vancancy in the surface layer (Fig. 1a ) and a TiO 2 terminated 3 × 3 × 4 slab with two vacancies in the surface layer (Fig. 1b) . All slabs have a vacuum of at least 20Å to avoid spurious interactions between the periodic images. In order to account for possible surface reconstruction, the internal coordinates of the slabs were relaxed with the projector-augmented wave basis [8] as implemented in the VASP [9, 10] code. As exchange-correlation functional we employed the generalized-gradient approximation (GGA) [11] in the Dudarev scheme (GGA + U) [12, 13] . The electronic structure was analyzed with the all-electron fullpotential local orbital (FPLO) method [14] . GGA+U with U = 5 eV and J H = 0.64 eV was performed using the atomic limit double counting correction.
The one-vacancy slabs provide already very valuable information on the formation of the 2DES. There is a significant surface reconstruction after introducing the oxygen vacancy and we found the formation of a metallic state only after the insertion of the vacancy. The charge carriers, independently of the oxygen concentration, are strongly localized at the surface and deplete rapidly within a few layers from the surface, which indicates the formation of a two-dimensional electron system. Figure 2a shows the bandstructure near the Fermi level for the slab in Figure 1a where the extra electrons gained from the oxygen vacancy occupy Ti t 2g bands. The lowest narrow sub-bands are from in-plane Ti 3d xy states predominantly localized on the surface TiO 2 layer and there are also shallow heavy bands of Ti 3d xz character. These results agree well with ARPES experimental observations [1, 2] . A closer look at the Fermi surface obtained with this slab (Fig. 2b) shows circular pockets around Γ of 3d xy character and elliptical pockets of 3d xz character with high effective masses along x and low effective masses along y. One should note that a defect in the TiO 2 layer breaks rotational symmetry and this is the reason why Figure 2b is not invariant under a rotation of 90
• , however, in reality, surface oxygen defects are randomly distributed and a rotationally invariant Fermi surface is observed. Taking this into account, these results agree well with experiments.
The multivacancy cases disclose further interesting features. In our slab calculations we mainly focussed on two vacancies near a titanium dioxide terminated SrTiO 3 surface. Figure 3 shows the energy comparison for all slabs considered. The structure scheme to the right explains the color code of the symbols. The configuration of both vacancies in the first two layers (circles and triangles) is energetically clearly preferable to the cases of one or two layers separating the vacancies vertically (diamonds and pentagon). Concerning the lateral separation, 4 to 6Å separation appears to be better than very short (2.5Å) or very long (> 7Å) distances between vacancies. One has to keep in mind though that the lateral size of the largest cell we could afford to study (3 × 3 × 4 supercell) is still rather small, and the issue of vacancy clustering could be reconsidered with larger computing power at some point.
Summarizing our observations, we conclude that the two vacancies preferably cluster vertically, inhabiting the first two layers, while in the direction parallel to the surface, the vacancies show a weak tendency towards equal spacing. Furthermore,
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The European Physical Journal Special Topics Fig. 2 . (a) Band structure and (b) Fermi surface of a relaxed, TiO2 terminated 2 × 2 × 6 SrTiO 3 slab with a single vacancy in the TiO2 surface layer (see Fig. 1a for the structure). This vacancy breaks the C 4 symmetry of the surface. Reprinted with permission from reference [5] . (This figure is subject to copyright protection and is not covered by a Creative Commons license.) Fig. 3 . Total energies of SrTiO3 slabs with two oxygen vacancies calculated within GGA + U. The first vacancy is always in the surface TiO 2 layer (layer 1). Energies are given as function of distance to the second vacancy which can be in the surface TiO 2 layer (layer 1) (circles), in the subsurface SrO (layer 2) (triangles), in the first subsurface TiO 2 layer (layer 3) (diamonds) or in the second subsurface SrO layer (layer 4) (pentagon). Reprinted from reference [6] .
analysis of the nonmagnetic electronic structure showed that oxygen defects in the surface TiO 2 layer lead to population of Ti t 2g states and thus itinerancy of the electrons donated by the oxygen vacancy. In contrast, electrons from subsurface oxygen vacancies populate Ti e g states and remain localized on the two Ti ions neighboring the vacancy. We find that both the formation of a bound oxygen-vacancy state composed of hybridized Ti 3d e g and 4p states neighboring the oxygen vacancy as well as the elastic deformation after extracting oxygen contribute to the stabilization of the in-gap states.
We finally analyze the effect of spin-orbit coupling and magnetism in SrTiO 3 slabs with oxygen vacancies. We performed fully relativistic nonmagnetic and magnetic density functional theory calculations [7] in the framework of the GGA + SO + U functional on representative oxygen deficient SrTiO 3 slabs and found clear signatures [7] . (This figure is subject to copyright protection and is not covered by a Creative Commons license.)
of atomic specialization, namely, two types of electronic contributions: one is from Ti atoms neighboring the oxygen vacancies that acquire rather large magnetic moments and mostly create in-gap states; another comes from the partly polarized t 2g itinerant electrons of Ti atoms lying further away from the oxygen vacancy, which form the two-dimensional electron system and are responsible for Rashba spin winding and spin splitting at the Fermi surface.
In more detail, in agreement with the previous calculations above, Ti atoms neighboring the oxygen vacancies create e g localized states that are responsible for the presence of in-gap states in the region of energies between −0.5 and −1 eV and the magnetic calculations show that they acquire large magnetic moments. In our simulations we found that the position of the in-gap states is influenced by the slab termination, the depth of the oxygen vacancy below the surface, and by possible oxygen clustering. Further, Ti atoms lying further away from the oxygen vacancy contribute with polarized t 2g itinerant electrons to the conducting 2DES and induce Rashba spin winding (see Fig. 4 ) and the spin splitting at the Fermi surface observed in SARPES [15] . Our calculations found that magnetism suppresses the Rashba effect by increasing the spin splitting of the t 2g orbitals and by modifying the individual spin orientation, but it does not eliminate completely spin winding as can be observed in the Fermi surface results for the 3 × 3 × 4 slab of SrTiO 3 with two oxygen vacancies (compare Figs. 4a and 4c ). Considering that an averaging of inhomogeneities near the surface of the measured sample is to be expected, SARPES measurements [15] could be explained by our calculations as the combined effect of the Rashba effect and magnetism.
Realistic DMFT for the oxygen-deficient SrTiO 3 surface
So far we discussed the electronic structure of the oxygen-deficient surface of SrTiO 3 as described within the DFT+U approach. Though that theoretical framework seems to provide good results for the present problem, one should be aware of its limitations. The effective single-particle DFT + U method describes electron correlations, based on local Coulomb interactions, in the static limit and is furthermore designed for long-range ordered phases. Several general aspects of Mott(-like) physics such as fluctuating moments, or band narrowing and spectral-weight transfer to Hubbard bands are missing. We therefore advanced on the description of electronic correlations and applied the charge self-consistent merging of DFT with dynamical mean-field theory (DMFT) to the given surface defect problem [16] . Our approach [17] is here based on the combination of mixed-basis pseudopotential theory [18] for the DFT part and the continuous-time quantum Monte Carlo method [19, 20] , as implemented in the TRIQS package [21, 22] , for the DMFT impurity problem. In a slab supercell of 180 atomic sites, two structural oxygen-vacancy (OV) cases are investigated, namely a two-singlevacancies structure and a double-vacancy defect. The slab is structurally relaxed within DFT+U [6] . A Hubbard U = 3.5 eV and a Hund's exchange J H = 0.5 eV are active on each Ti site, with a local correlated subspace of three effective 3d orbitals. There are 16 inequivalent Ti impurity problems in the supercell, and the coupled realistic problem is solved within multi-site DFT+DMFT at T = 290 K (see [16] for details).
In the following we restrict the discussion to the double-vacancy (DV) defect structure. Figure 5a displays the correlated paramagnetic spectral function with metallic character, with a pronounced in-gap weight at ∼ −1.2 eV. That location is in very good agreement with experimental findings [1, 2, [23] [24] [25] . The in-gap weight stems dominantly from localized Ti e g orbitals near the defect, shifted to low energy because of a correlation-enhanced crystal field. Note that in conventional DFT, the defect-induced Ti e g spectral weight remains close to the Fermi level, entwined with the onset of Ti t 2g weight from more delocalized states (see Fig. 5b ). On the other hand, electronic correlations drive an obvious dichotomy, i.e., localized e g far from the Fermi level and itinerant t 2g at low energy. Note that there still is some minor satellite-like t 2g character contributing to the in-gap peak, but a standard Mott-Hubbard picture does not apply.
Realistic DMFT for the oxygen-deficient SrVO 3
The previous sections showed that introduction of vacancies in SrTiO 3 forms both in-gap states and a 2DES at the surface of SrTiO 3 . Furthermore, electronic correlations beyond conventional DFT appear as a vital ingredient to sustain these features. From a broader perspective, the findings are then in place to challenge the two customary paradigms in view of coexisting low-and high-energy electron states in condensed matter. Namely, on the one side the weak-coupling defect-state picture from traditional semiconductor physics, and the strong-coupling Hubbard-band picture from traditional correlated-oxide physics on the other side. In the case of band-insulating SrTiO 3 , commonly understood as being located close to a weak-coupling limit, it was here shown that strong correlation effects are indispensable to account for a proper description of oxygen-vacancy induced electronic states, albeit a conventional strongcoupling picture does not readily apply. Yet it is then tempting to choose another oxide system, by now commonly understood to reside close to that latter limit, and ask the question if oxygen vacancies are also effective in scrutinizing the other wellknown paradigm, i.e., the Hubbard-band picture. For this purpose, the moderately correlated SrVO 3 serves as an ideal comparing materials test case, since it has the identical SrTiO 3 perovskite crystal structure and displays t 2g -based conductivity.
The SrVO 3 compound has been the drosophila model system to test the predictions of strongly correlated electron theories because it displays both coherent quasiparticles as well as incoherent excitations. This behaviour has been intensively studied both experimentally by angle resolved photoemission [26] [27] [28] and theoretically by a combination of density functional theory with dynamical mean field theory [29] [30] [31] and its extensions [32, 33] . At a binding energy of about −1.5 eV, the angle integrated photoemission spectra of SrVO 3 show a broad peak that is usually interpreted as an incoherent excitation, a Hubbard band linked to the V t 2g electrons. However, a broad feature at about −1.5 eV has been seen also in SrTiO 3 , a 3d 0 transition metal oxide where this feature has been clearly linked to the presence of oxygen defects as described above.
We have addressed this issue by performing charge selfconsistent DFT + DMFT calculations for example structures of SrVO 3 with oxygen vacancies; here we focus on the two vacancy case shown in the inset of Figure 6b . We chose values of U = 2.5 eV and J = 0.6 eV for vanadium. We compare k-integrated and k-resolved spectral functions ( Fig. 6b and d ) to bulk SrVO 3 without vacancies ( Fig. 6a and c) . While in the case of defect free SrVO 3 , a t 2g quasiparticle peak at the Fermi level and a lower Hubbard band (LHB) at negative energies of the same t 2g nature is found in agreement with the ARPES result [34] , the oxygen vacancies produce a dispersionless in-gap state at ∼ −1 eV which is of e g character as in SrTiO 3 . This is in very good agreement with the oxygen vacancy states observed in ARPES which are created by UV or X-ray irradiation. It means that the increase in intensity of the in-gap state in the oxygen-deficient SrVO 3 should not be attributed to an increase in population of the lower Hubbard satellite, but instead to the manifestation of vacancy states of e g character.
Control of separate electronic phases
Electronic phase separation is a key concept in the field of many-body physics, in particular in the context of strongly correlated transition metal oxides [36] . It denotes a spatial inhomogeneity of the electronic and magnetic properties of a material at its surfaces, interfaces with other materials or in its bulk on the nano-to mesoscale. In a strict sense, it is induced in a chemically homogeneous solid when competing internal or mutual interactions between the charge, spin, orbit, and lattice degrees of freedom happen to depend strongly on electron density. Examples for such interactions include the superconducting pairing interaction, magnetic exchange or Rashba spin-orbit coupling [36, 37] .
The tendency to enhance locally the electron concentration in order to benefit in turn from the energy lowering of a given interaction is counteracted -or frustrated -by the Coulomb repulsion, leading to static or dynamic density fluctuations on finite length scales [38, 39] . These can be thought of being local precipitations of spatially homogeneous phases which exist in other portions of the phase diagram [40] . Famous material classes prone to electronic phase separation comprise manganites with their particular rich phase diagrams exhibiting metallic or insulating magnetic as well as charge-ordered phases [40] , cuprate high-temperature superconductors displaying various types of intertwined order [41, 42] , but also less correlated Fe-based superconductors [43, 44] .
In a broader sense, the term electronic phase separation is used whenever two or more phases with differing electronic or magnetic properties coexist on microscopic length scales, including cases where the electronic phase separation is driven by inhomogeneities of the chemical composition or structural disorder [45, 46] .
Regarding SrTiO 3 -based interfaces and surfaces Ariando et al. [47] were the first to report on electronic phase separation at the LaAlO 3 /SrTiO 3 interface, i.e., in the region of the two-dimensional electron system. From electrical and magneto-transport data as well as magnetization measurements they inferred a separation of interface charges into dense nanoscopic droplets with a large diamagnetic moment below 60 K, ferromagnetic regions of about the same extension up to room temperature, and a background quasi-two-dimensional electron gas. The occurrence and coexistence of these phases were found to depend strongly on growth conditions during pulsed laser deposition, though no specific microscopic scenario for the electronic phase separation was put forward.
Shortly after, Li et al. [48] and Bert et al. [49] communicated high-resolution magnetic torque magnetometry and direct imaging by scanning SQUID measurements, respectively, indicating the coexistence of ferromagnetism and superconductivity at the LaAlO 3 /SrTiO 3 interface. As possible microscopic origin Li et al. suggested a non-uniform distribution of oxygen vacancies in the interfacial TiO 2 layers, stabilizing magnetic order of the Ti ions at the interface. Such a scenario would imply chemically driven electronic phase separation. From second harmonic generation Günter et al. [50] got evidence for spatial inhomogeneities at the LaAlO 3 /SrTiO 3 interface on a length scale of ≈ 30 µm for film thicknesses not larger than a monolayer. In this study electronic effects were favoured over chemical ones, with clustering of oxygen defects being explicitly discarded.
Stimulated by the experimental observations theoretical work related to electronic phase separation at oxide interfaces was performed by Nanda and Satpathy [51] , Caprara et al. [52] , Pavlenko et al. [53] , Bucheli et al. [54] , Bovenzi et al. [37] , Seibold et al. [55] , and Scopigno et al. [56] . These studies draw up scenarios which are specific to oxide surfaces and interfaces to varying degrees and comprise mechanisms involving electron-phonon coupling [51] , Rashba spin-orbit coupling [37, 52, 54, 55] , oxygen vacancies [53] , the superconducting pairing interaction [37] , and the electrostatic confinement potential at the interface [37, 56] .
Our own experimental work [57] in this context focused on the role of oxygen vacancies for the formation of a two-dimensional electron system at the surface of bare SrTiO 3 in (100) and (111) orientation. Using (angle-resolved) photoemission we got evidence for two separate electronic phases at the surface that are distinguished by a strong disproportionation of charge with respect to each other. We argue that a highly doped metallic phase is due to surface regions with a large oxygen vacancy concentration that are embedded in another insulating or only lightly electron-doped phase. Since oxygen vacancies are known to trap electrons at nearby Ti sites it is conceivable to relate the highly doped, oxygen vacancy rich phase to the ferromagnetic domains that were observed at the LaAlO 3 /SrTiO 3 interface [48, 49] . The other phase gets (additionally) doped in case of the heterointerface due to the polar discontinuity caused at the interface by the polar LaAlO 3 film on the non-polar SrTiO 3 substrate in order to compensate the arising electrostatic potential across the film.
To control the average oxygen vacancy concentration at the SrTiO 3 surface we employed a newly developed technique. On the one hand, oxygen vacancies are created under intense irradiation with X-rays at a synchrotron radiation facility [58] . On the other hand, a metal capillary in front of the sample allows to direct a steady flow of oxygen onto the SrTiO 3 surface. Thereby, oxygen vacancies are annihilated and a certain concentration of oxygen vacancies can be adjusted in a dynamical equilibrium through the oxygen flow [57] .
At maximum dosing oxygen vacancies can be suppressed completely and the SrTiO 3 surface is insulating. At finite oxygen vacancy concentrations a twodimensional electron system develops [1, 2] . The positively charged oxygen vacancies provide a confinement potential at the surface resulting in a downward bending of the Ti 3d t 2g conduction bands. At the same time the oxygen vacancies donate a certain fraction of electrons to these bands forming two-dimensional quantum well states while the remaining fraction stays localized at Ti sites adjacent to the oxygen vacancies [59] as discussed in Section 2.1.
In photoemission these two types of electrons -itinerant and trapped onesshow up in different ways. In the Ti 3p core-level spectra (see Fig. 7c ) additional From reference [57] . (This figure is subject to copyright protection and is not covered by a Creative Commons license.) electrons in the Ti 3d shell lead to emission at lower binding energies (Ti 3+ ) since an extra electron screens the core potential more effectively than in the case where Ti is in a 4+ oxidation state. Thus the Ti 3+ emission is a measure of the total number of doped electrons. The itinerant electrons contributing to the metallic two-dimensional electron system give rise to a quasiparticle (QP) peak at the chemical potential (Fig. 7b) . In a k-resolved (angle-resolved) photoemission measurement it corresponds to the three degenerate Ti 3d t 2g bands crossing the chemical potential and thus give rise to Fermi surface sheets as shown in Figure 7a for SrTiO 3 in (111) orientation (note that there are no indications for more than one occupied quantum well state in our data). According to Luttinger's theorem the Fermi surface area is a direct measure of the sheet carrier density of itinerant electrons, n F S .
Evaluating n F S from the Fermi surface sheets for three different states of a SrTiO 3 surface corresponding to three different oxygen vacancy concentrations gives only a moderate variation of the sheet carrier density between about 0.8 × 10
14 cm −2 and 1.3 × 10 14 cm −2 . In contrast, the k-integrated QP intensity in Figure 7b shows a much stronger relative change in spectral weight for the same three states of the surface. This finding can be reconciled if one assumes the existence of a metallic phase A with only a slight increase of charge carrier density upon enhancing the oxygen vacancy concentration while its surface coverage rises strongly.
From the Ti 3+ /Ti 4+ ratio one can infer the sheet carrier density of the itinerant Ti 3d electrons averaged over the whole sampled surface area, n avg (assuming a 1 : 1 disproportionation between localized and itinerant electrons due to the strong onsite Coulomb repulsion which prevents two electrons from being trapped at the same Ti site [59] ). For a homogeneous distribution of charge carriers n avg and n F S would equal each other (blue line in Fig. 8 which plots these quantities against each other). However, as can be seen in Figure 8 n avg is much smaller for the three prepared surface states, hinting again to the fact that there are highly doped metallic regions A embedded in an insulating or only lightly doped matrix B (see Fig. 8 ). With increasing coverage of the surface with phase A as can be read off from the QP intensity (right axis) the data points become closer to the blue line and are expected to fall onto it for a homogeneous coverage of the surface with phase A. The extrapolation of the Fig. 8 . Comparison of the sheet carrier densities for the three different states of Figure 7 as determined from the Fermi surface area (n F S ) and the Ti 3+ /Ti 4+ valence ratio in the Ti 3p spectra. Also plotted is the relative k-integrated QP intensity. For details see text. From reference [57] . (This figure is subject to copyright protection and is not covered by a Creative Commons license.) data points in Figure 7 to zero average carrier density suggests that there is a certain critical electron density n C for this phase to form.
Our findings for the bare SrTiO 3 surface are reminiscent of the electron phase separation in LaAlO 3 /SrTiO 3 , viz. the coexistence of ferromagnetic puddles embedded in a metallic (superconducting) matrix, mentioned above. They show that the SrTiO 3 surface or interface is prone to a non-uniform distribution of oxygen vacancies, giving rise to highly doped metallic regions. These then would correspond to the ferromagnetic puddles at the LaAlO 3 /SrTiO 3 interface, with the local moments of trapped electrons aligning ferromagnetically. In this scenario we further identify the metallic matrix at the heterointerface with phase B, becoming (additionally) electron doped by the polar discontinuity at the interface. The electronic phase separation at the LaAlO 3 /SrTiO 3 interface thus appears to be of chemical origin.
3 Two-dimensional electron systems at SrTiO 3 -based heterointerfaces
Generic and specific doping mechanisms
Since the discovery of a two-dimensional electron system at the interface between the wide-gap band insulators LaAlO 3 and SrTiO 3 by Ohtomo and Hwang [60] numerous studies tried to pin down the exact mechanism leading to the formation of a conducting interface. It was found that the electron system forms only at and beyond a critical film thickness of 4 unit cells (uc) [61] and if the film is grown on TiO 2 -terminated substrates. As a generic explanation electronic reconstruction was proposed [60, 62] . In this scenario the potential build-up across the LaAlO 3 film due to the polar discontinuity at the interface -SrTiO 3 is unpolar while LaAlO 3 exhibits a stacking sequence of positively and negatively charged lattice planes -is compensated by the transfer of half an electron from the LaAlO 3 surface into Ti 3d states at the interface. From tunnelling and capacity measurements Singh-Bhalla et al. [63] confirmed the existence of such a built-in potential. Also Reinle-Schmitt et al. [64] concluded on electronic reconstruction as origin of the conducting interface based on the observation that the critical thickness can be tuned by diluting LaAlO 3 with SrTiO 3 , thereby changing the polar nature of the film. Similar conclusions were arrived at from surface X-ray diffraction measurements [65] , revealing an atomic rumpling in the LaAlO 3 film due to the built-in electric field and from the study of electrostrictive effects [66] .
Alternatively, extrinsic effects were invoked to account for the observed conductivity. Oxygen vacancies in SrTiO 3 donate itinerant electrons and could induce a metallic layer [67] [68] [69] . Likewise, cation intermixing at the interface, inherent to the growth process by pulsed laser deposition, would result in electron doping [70] . Finally, the role of adsorbates as charge reservoir for the interfacial electron system was pointed out in several studies [71] [72] [73] .
Liu et al. [74] investigated the electric transport properties of SrTiO 3 substrates with crystalline and amorphous LaAlO 3 overlayers [75] and systematically changed parameters like film thickness or oxygen vacancy concentration. From their extensive studies Liu et al. arrived at the conclusion that oxygen vacancies are the dominant source of electrons when the film is amorphous whereas solely electronic reconstruction accounts for the conductivity in oxygen-annealed crystalline heterostructures where oxygen vacancies are completely suppressed.
From the above explanations only the electronic reconstruction scenario is able to naturally account for a critical thickness of the interfacial insulator-metal transition. Many theory papers reproduced the general picture, i.e., the band bending across the LaAlO 3 film with the concomitant shift of the valence band maximum towards and finally its crossing of the chemical potential at the critical thickness resulting in a charge transfer to the interface [76] [77] [78] . Other theoretical studies elucidated specific aspects of the electronic reconstruction scenario such as what actually leads to the confinement of the two-dimensional electron system [79, 80] or why the experimentally determined sheet carrier densities [61] are an order of magnitude lower than one would expect from the transfer of half an electron to the interface [81, 82] .
The electronic reconstruction scenario, however, was also seriously cast into doubt by X-ray photoemission measurements providing a fairly sensitive probe for binding energy shifts -e.g., due to an internal electric field in the LaAlO 3 film -but being unable to reveal such traces of a finite potential gradient in the data [83] [84] [85] . Likewise, angle-resolved photoemission measurements using soft X-rays failed to observe O 2p-derived hole pockets due to the LaAlO 3 valence band Fermi level crossing as expected and predicted in an electronic reconstruction scenario [86] .
Some theoretical studies provided an alternative view on the role of the polar discontinuity for the formation of the two-dimensional electron system taking defects, in particular oxygen vacancies, into account [71, 78, [87] [88] [89] [90] . They pursue the idea that electronically active defects at the film surface like e.g., oxygen vacancies may serve as charge reservoir for the interfacial electron system. The electrons transferred to the interface together with the positively charged defect sites staying behind diminish the internal potential and may screen it out completely, resulting in flat bands across the film. Since the discharge energy per transferred electron increases with film thickness it will outweigh the defect formation energy at a certain critical value.
To shed light on the detailed mechanism at work behind the formation of a conducting interface and to clarify the nature of the two-dimensional electron system our own research [91] combined two approaches: (i) full control of the oxygen vacancy concentration in the SrTiO 3 substrate and simultaneous monitoring of the microscopic electronic structure at the chemical potential by photoemission as described in Section 2.4 and (ii) comparison of epitaxial and amorphous heterostructures to emulate the toggling of the polar discontinuity [74, 75] .
To overcome the small probing depth of conventional photoemission in the vacuum ultraviolet and to gain direct access to the electronic structure of the buried interface photoemission measurements have to be conducted in resonance at the Ti L absorption edge around 460 eV as first demonstrated by Drera et al. [92] . Thereby, the emission of electrons from Ti 3d states is enhanced. Looking at such resonance spectra in Figures 9 and 10 two structures can be discerned. The one right at the chemical potential represents the so-called quasiparticle peak (QP) due to the itinerant carriers contributing to the two-dimensional interface electron system. The other structure appearing at about 1.3 eV binding energy within the pristine gap (IG states) of SrTiO 3 corresponds to the emission of electrons trapped at Ti sites by nearby oxygen vacancies [24, 26] (cf. Sects. 2.1 and 2.2). The energies of maximal resonance enhancement for both structures are shifted by about 1 eV against each other.
The results of these resonant photoemission experiments are summarized in Figure 9 for epitaxial and in Figure 10 for amorphous heterostructures. In both cases the photon energy was adjusted such to maximize resonant enhancement either of the QP peak or IG state. Turning first to the spectra of epitaxial LaAlO 3 /SrTiO 3 it is seen that both QP and IG states grow in intensity under irradiation with X-rays (see Fig. 9b, bottom) . The spectral changes are fully reversible under oxygen dosing using a metal capillary in front of the sample (see Fig. 9b, top) . The red curves correspond to the state of saturated oxygen depletion reached in the experiment while the blue spectra represent the measurements with strongest oxygen dosing. Since essentially no IG weight is observed even under favourable resonance conditions for strongest oxygen dosing we consider this state as fully oxidized. Strikingly, as is better seen from the spectra displayed in Figure 9a , a QP component with finite weight remains under these conditions, while the IG states are completely suppressed.
A quantitative account of the QP and IG spectral weights upon oxygen depletion and re-oxidation is shown in Figure 9c . We plot them as obtained from integrating the photoemission spectra over the highlighted energy intervals in Figures 9a and 9b 
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The European Physical Journal Special Topics Fig. 10 . Valence band spectra of an amorphous LaAlO3 film for varying oxygen vacancy concentrations. Evolution of spectra for a 1.7 nm thick amorphous LaAlO 3 film under irradiation without oxygen dosing on the QP (a) and IG resonances (b). The fully oxidized state is shown in blue, the one with saturated oxygen depletion in red. From reference [91] . (This figure is subject to copyright protection and is not covered by a Creative Commons license.) against X-ray irradiation time. The graph clearly displays the stationary finite weight of the QP peak after the fully oxidized state is accomplished while at the same time the IG weight vanishes. With this finite value subtracted, the rising curves of QP peak and IG state during irradiation induced depletion fall on top of each other indicating that the two electrons released per oxygen vacancy become itinerant or localized in a fixed -most likely 1 : 1 (see Sect. 2.4) -proportion.
It is instructive to compare these findings with similar measurements for an amorphous heterostructure with a 1.7 nm thick LaAlO 3 film (see Fig. 10 ), in which the polarity is lifted. Both features, QP and IG states, show a similar behaviour upon oxygen depletion (blue to red spectra) but with the salient difference that in the fully oxidized state also the QP peak gets fully suppressed.
This result of our dosing experiments clearly manifests the existence of a generic mechanism for the formation of a conducting interface in crystalline LaAlO 3 /SrTiO 3 that is distinctly different from simple doping by oxygen vacancies as is realized at the interface of amorphous heterostructures. A persistent QP component even under full oxidation apparently requires not only the presence of a LaAlO 3 film but also its crystallinity, i.e., polar order. Our results thus tip the balance in favour of polar discontinuity as driving force for the intrinsic two-dimensional electron system. In the light of other photoemission studies cited above that could not pin down the existence of a built-in potential in the LaAlO 3 overlayer, the findings presented here are furthermore in support of proposals considering electronically active defects as crucial to understand the development of a conducting interface in epitaxial LaAlO 3 /SrTiO 3 heterostructures.
3.2 Realistic DMFT and real-space model study of oxygen vacancies in the LaAlO 3 /SrTiO 3 interface As for the SrTiO 3 surface, first-principles studies of defect-induced physics in oxide interfaces are already challenging on the DFT(+U) level [78, 88, 93, 94] . Averaged frameworks, like e.g., the virtual-crystal approximation, often miss relevant aspects of the spatial inhomogenity. But supercell approaches, due to size limitations and periodicity, usually only allow for high defect concentrations and impose artifical ordering patterns. Since an oxygen vacancy (OV) in SrTiO 3 singularly modifies the electronic structure on the local level, i.e., from Ti(d 0 ) towards Ti(d 1 ), we follow here a twofold supercell strategy to assess the dense and dilute defect cases. Realistic superlattice DMFT calculations are performed for the dense defect limit [95] and a derived model Hamiltonian is applied to a large real-space lattice to treat the crossover to dilute defect scenarios [96] . Figure 11a shows the used inplane-doubled dense defect n-type supercell, with OVs in the TiO 2 layer right at the interface, whereby one out of four oxygen sites is vacant. Structural relaxations are handled on the DFT level within the generalizedgradient approximation (GGA). The system is already metallic without OVs due to the polar(-like) mechanism with close to 0.5 t 2g electrons on the interface Ti sites (cf. Fig. 11b ). In the presence of OVs, the spectral function exhibits again in-gap weight of strong e g kind around -1.2 eV [86, [97] [98] [99] , but now with a substantial Hubbardband signature. That strong-correlation character might be partly related to the high defect concentration, enforcing nearly exactly d 1 occupation in the interface TiO 2 layer. More detailed comparing investigations to the findings on the SrTiO 3 surface are needed. Note that oxygen vacancies and correlations are essential to stabilize ferromagnetism in the LaAlO 3 /SrTiO 3 interface.
The first-principles point of view renders it possible to utilize effective (e g ,t 2g ) modellings [53, 96] . We derived a minimal two-orbital model, consisting of a t 2g (xy) state and an effective e g state, i.e.,ẽ g [96] . The latter is lowered by crystal-field effects if an OV is adjacent. This model is solved with an efficient rotational-invariant slave-boson scheme [100, 101] for differenct OV concentrations on a 10×10 TiO 2 interface lattice, whereby the explicit electronic oxygen degrees of freedom are integrated out. Intricate correlation-induced orbital polarizations with obvious differences close to and far from the defects are encountered. Magnetic ordering most notably changes from RKKY-like ferromagnetic (FM) order in the dilute defect case to local antiferromagnetism at intermediate concentrations, to finally a more robust doubleexachange-driven FM state near the dense defect limit. This theoretical result allows one to trace the experimental observations of strongly varying Curie temperatures in different materials samples [47, [102] [103] [104] to likely differences in the OV content. 
Conclusions
In this review we have surveyed the influence of oxygen vacancies on the twodimensional electron systems that are hosted at SrTiO 3 -based interfaces and surfaces. The manifold of phenomena driven by oxygen defects is surprisingly rich. It comprises among others charge localization and doping, electronic phase separation, and correlation effects. Only advanced theoretical methods and computational schemes based on density functional as well as dynamical mean-field theory together with sophisticated experiments such as (high-energy) photoemission providing direct access to the microscopic electronic structure will advance the profound understanding of the underlying mechanisms with the perspective to utilize them in future devices and applications.
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